Abstract Investigations with astroglial cells carry more prominence in drug abuse studies. However, due to earlier perception that astroglial cells were only passive bystanders in neural signal transmission, not many investigations were conducted on the toxicity of various abused drugs, like cocaine. The present study was aimed to discern the effect of cocaine on rat astroglioma cells and analyzed qualitatively for morphological features as well as vacuolation by phase contrast microscope, quantitatively for cytotoxicity, mitochondrial membrane potential by rhodamine-123 fluorometric assay, and cell cycle analysis by flow cytometry. Based on population cell doubling time studies, glial cells were grown in 10% FBS in RPMI 1640 medium and treated with cocaine for 24 or 48 h. Microscopic assessments clearly demonstrated massive vacuolation and significant disruption at general architecture of glial cell morphology with cocaine. Chronic cocaine treatment (24 or 48 h) caused significant loss of cell viability. The sublethal dose of cocaine was found to be 4.307 and 3.794 mM at 24 and 48 h, respectively. Cocaine reduced the mitochondrial membrane potential in a dose dependent manner with ED 50 of 4 mM after 24 h. Cell cycle analysis suggested dual inhibition at G0/G1 and G2/ M phases after 24 and 48 h, respectively. In summary, our findings suggest that cocaine toxicity was due to loss of mitochondrial membrane potential, vacuolation, and dual inhibition of cell cycle phases. These results may shed light in understanding the onset of some early key events in cocaine-induced toxicity in glial cells.
Introduction
Cocaine is a widely abused and addictive psychostimulant drug that acts on the central nervous system (CNS). Currently, about 3.6 million Americans use this drug on a regular basis [1] . The toxic effects of cocaine on several cell lines outside of CNS have been demonstrated earlier [2] [3] [4] [5] , but only a few studies have identified cocaine's toxic or inhibitory role on cell cycle phases in different CNS cells [6] . Attention has focused primarily on the deleterious effects of cocaine on neurons. Studies have demonstrated that cocaine inhibits reuptake of neuronal dopamine, resulting in its prolonged presence at the synaptic cleft. Auto-oxidation of dopamine in the synaptic cleft was shown to cause neuronal death. Little, however, is known about toxic or inhibitory role of cocaine on glial cells.
Glial cells may be the first to experience the toxic effects of cocaine in the mammalian brain, since glial cells outnumber neurons by 10-1 [7] . Glial cells are critical for neuron survival and maintenance of fundamental patterns of circuits under normal circumstances in vivo. Malfunction of or damage to glial cells due to cocaine exposure may contribute to neuronal dysfunction, which may increase the risk for neurodegenerative disorders, such as Parkinson's disease [8] , schizophrenia, Alzheimer's disease, and other late-onset neurologic disorders. Understanding the role of cocaine on the inhibition of glial cell proliferation and toxicity may lead to the development of new therapeutic approaches to neuronal disorders.
Previous in vitro studies of the effects of abused drugs, like cocaine and morphine, on CNS cells were performed in culture media either in the absence of serum proteins [9] or with reduced serum proteins [10] , based on the assumption that brain cells do not have direct contact with serum proteins due to the blood brain barrier [9] . But it has been shown that exclusion of serum proteins by the blood brain barrier is not absolute [11] , indicating the possibility of interaction between serum proteins and brain cells under normal circumstances. In addition, this barrier is more permeable to serum proteins in drug abusers [12] , in people with compromised health [13] , and in developing fetuses, enabling serum proteins direct access to intraneural domains. We believe that the results of serum-deprived studies provide an incomplete picture of the effect of cocaine on CNS cells and contribute little to the understanding of the correct cocaine dose for future acute toxicity studies in preclinical trials. Another important aspect, which has not received attention in most previous studies with cocaine on various cell lines was that no emphasis was given to quantify a sublethal toxic dose for cocaine [2, 3, 14] , nor to follow any defined period of its treatment [2, 3, 15] .
Our study had two objectives. To fill the gap left by serum deprived studies, the primary objective was to examine cocaine toxicity to glial cells in the presence of serum proteins (10% FBS) in the culture media and to quantify sublethal doses at different time points based on cell doubling studies. The secondary objective was to determine the effects of cocaine on mitochondrial membrane potential and cell cycle phases. Mitochondrial membrane potential is an important function for electron transport and oxidative phosphorylation in cells. Findings related to the interaction of cocaine with mitochondria may aid in understanding energy metabolism in these cells. Similarly, cocaine interaction at different glial cell cycle phases may help determine the early onset of some key events in these cells, which proliferate even in adult hood [16] .
We employed rat C6 astroglioma cells in our research. Unlike other cell lines of the CNS, the rat glioma C6 cell line has the greatest number of genes whose expressions are similar to human brain tumors [17] , as well as possessing enzymes found in normal glial cells [18] . Thus, the rat C6 astroglioma cell line is a widely accepted model cell line, which may represent a better in vitro model system for investigations of abused drugs, like cocaine.
Experimental Procedure
Materials RPMI 1640 (modified), fetal bovine serum (FBS), penicillin/ streptomycin sulfate, amphotericin B, phosphate-buffered saline (PBS) and L-glutamine were purchased from Media Tech (Herndon, VA, US). Crystal violet, rhodamine-123, L-glutaraldehyde, trypan blue, cocaine-HCl, and EDTA (ethylene diamine tetraacetic acid) were supplied by Sigma Chemical Company (St. Louis, MO, US). All other routine chemicals were of analytical grade.
Preparation of Sample
The stock (1 M) as well as working stocks (80-180 mM) of cocaine hydrochloride in all our studies were prepared fresh in PBS just prior to assays and applied at different concentrations to glial cultures in minimum volume (5 ll/ well) to prevent pH alterations of the medium. After the additions, the final pH in all culture wells was found to be around 7.4.
Cell Culture and Microscopy
The central nervous system derived rat C6 glial cell line (CCL-107) was purchased from American Type Culture Collection (Rockville, MD, US) and maintained as an adherent monolayer culture in complete RPMI-1640 medium, 2 mM L-glutamine, 10% FBS (v/v), 100 U/ml penicillin, 100 lg/ml streptomycin sulfate and 0.25 lg/ml amphotericin B. Cells were grown in a humidified atmosphere containing 5% CO 2 in air at 37°C in an incubator, and sub-cultured twice a week. For cytotoxic studies, the culture was harvested by treating with 0.05% EDTA in PBS for 2 min or less, resulting in a single cell suspension. Cell counts and cell viability were assessed immediately by using 0.4% trypan blue dye exclusion assay on hemocytometer under a light microscope. Cell viability always exceeded 90%. Cells were diluted in complete RPMI medium, and then seeded in culture plates or dishes for the experiments. Cells were observed under inverted phase contrast IX-70 Olympus microscope (Olympus, Tokyo, Japan). Photomicrographs were taken by an ocular videocamera system (MD35 Electronic eyepiece, Zhejiang JinCheng Scientific & Technology Co., Ltd, HangZhou, China) using C-Imaging System Software (Compix Inc. Cranberry Township, PA, USA).
Population Cell Doubling Time
In order to analyze population cell doubling time (PCDT), the rat glial cells were plated in polystyrene, flat bottom 96-well (0.32 cm 2 ) microtiter plates (BD Labware, US). The cells were seeded at a starting density of 5 dye uptake assay using crystal violet as described previously [19] . As per this method, intensity of violet color was proportional to number of live cells. The culture plates were read at 540 nm in a plate reader (Bio-Tek Instruments Inc, Wincoski, VT). The PCDT in hours was determined from average absorbance values (n = 32) of cells growing in exponential phase using the following equation [20] : DT = log 2/{[log (A/A0)]/t}, Where, A0 and A = absorbance at time zero and final, respectively, t = time difference between A0 and A.
Treatments with Cocaine
The cytotoxic studies were performed in 96-well microtiter plates. The cells were seeded at a starting density of 2 9 10 4 cells per well in a total volume of 195 ll growth medium supplemented with 10% FBS. The cells were then allowed to adhere to wells in the incubator for 18-24 h before drug exposure. Cells which were typically about 60-70% confluent were treated at six different concentrations (2-7 mM) of cocaine in a final volume of 5 ll. In all these studies, cells with medium alone or PBS in medium served as controls. Controls and the treated samples were always present in different wells of the same 96-well microtiter culture plates. These plates were incubated for 24 or 48 h continuously without further renewal of growth media in a 5% CO 2 at 37°C with the plates capped in normal fashion. All studies were repeated at least twice (n = 12-36).
Evaluation of Cytotoxicity of Cocaine
After 24 or 48 h of exposure, the cytotoxicity of cocaine was evaluated by dye uptake assay using crystal violet, which binds to nucleic acids [21] , as described previously [19] . The average absorbance values of controls were taken as 100% cell viability. From the treated and control absorbance values, percent of cells killed were determined by the following equation: [1 -(T/C)] 9 100, where T is average absorbance values of treated cells, and C is average absorbance values of control cells. If LC 50 or ED 50 values were not within the range of tested concentrations, then the concentrations were adjusted accordingly, and the experiments were repeated.
Evaluation of Glial Cell Vacuolation
Rat glial cells were seeded in complete medium in 96-well culture plates as described above. After treating with various concentrations of cocaine (2-6 mM) for 24 h, cells were fixed in 0.25% aqueous glutaraldehyde and stained with crystal violet as described earlier [19] . The presence of vacuoles in cells was photographed with inverted phase contrast IX-70 Olympus microscope under a 40X objective.
Estimation of Mitochondrial Membrane Potential
It was determined by employing laser dye fluorescent probe rhodamine-123. Being a lipophilic cationic dye, this xanthene dye permeates easily and interacts with the negative charges on the inner membrane of mitochondria at a low concentration. Hence, its accumulation is proportional to mitochondrial membrane potential. Cocaine treatments were performed at six different concentrations (2-6 mM) for 24 h. At the end of incubation, monolayer cells were overlaid with 100 ll of 0.25% aqueous glutaraldehyde for fixation, containing rhodamine-123 to yield a final concentration of 1 lM for 30 min at room temperature. The supernatant was discarded, and the plates were washed with tap water and air dried in the hood. Finally, 100 ll of 0.1% Triton X 100 in dPBS was added per well and incubated at 37°C for 1 h. The plates were read with the excitation filter set at 485 nm and the emission filter at 538 nm on a microplate Fluorometer model 7620, Version 5.02, Cambridge Technology, Inc., (Watertown, MA, US). These studies were repeated at least twice (n = 12).
Cell Cycle Progression by Flow Cytometry
The distribution of DNA in all cell cycle phases of cocaine treated glial cells was assayed by flow cytometer (BD Biosciences, San Jose, CA) as described elsewhere [22] . In keeping with the role of confluency on cell cycle stages, we seeded 1.3 9 10 6 cells for 24 h studies, and 0.7 9 10 6 cells for 48 h studies in RPMI 1640 complete medium in a final volume of 7 ml in 100 mm diameter plastic culture dishes and incubated over night. Cocaine hydrochloride was dissolved in PBS at 1 M and was used to achieve various concentrations (3-5 mM). It was added to dishes when cultures were sub-confluent (45-50%). Each concentration was performed in triplicate dishes. Incubations were done for 24 or 48 h in a 5% CO 2 incubator at 37°C. Cells were harvested at indicated times after the addition of cocaine. The medium from each culture dish was aspirated and cells were dislodged by treating with 0.05% EDTA prepared in PBS for 1 min at room temperature. Then cells were collected in PBS (8 ml), transferred into falcon tubes and sedimented by centrifugation at 2,600 rpm for 7 min at room temperature. Each pellet was resuspended in 100 ll PBS and then gently vortexed. Cells were fixed in 5 ml of 100% ethanol (pre-cooled at -20°C), added drop-wise to each tube while vortexing, and incubated at 4°C for at least 24 h. The following day, the tubes were centrifuged at 2,600 rpm for 7 min and resuspended in 100 ll ethanol. After cells (75 ll/ tube) were transferred into BD falcon tubes which were shielded from light, 1 ml of staining solution, containing final concentrations of 1.3 mg/ml ribonuclease A, 1 mg/ml D-glucose and 50 lg/ml propidium iodide, was added to each tube in the dark and incubated at room temperature for 1 h in the dark with occasional stirring. The proportion of cells in each stage was performed within 2 h by using a FACSCalibur flow cytometer. In each sample, a total of 10,000 individual events from the gated subpopulation were analyzed separately. CellQuest software was used for acquisition and analysis of the data, and the percentage of cells in each phase was determined by using ModFit LT 3.0 Software. These studies were repeated at least twice (n = 5-9) to confirm reliability of the results.
Statistical Analysis
The experimental results were presented as mean ± standard error mean (SEM). The data were analyzed for significance by one-way ANOVA and then compared by Dunnett's multiple comparison tests using GraphPad Prism Software, Version 3.00 (San Diego, CA, US). The test values of P \ 0.05 and P \ 0.01 were considered significant and highly significant, respectively. All bar graphs were plotted between the concentration of cocaine and the percentage of cell viability using the above software program. In case of line graphs, lethal dose values were obtained by plotting graphs between cocaine concentrations on the x-axis versus percent of total cell population (live and dead) on the y-axis. The lethal concentration (LC 50 ) values, representing the millimolar concentration of cocaine needed to kill 50% of glial cells, was determined from the graphs where both curves crossed [23] .
Results

Population Doubling Time of Glial Cells
Population cell doubling time (PCDT) studies were performed on glial cells maintained in 10% FBS. The initial lag phase under these conditions was found to be approximately 24 h, and thereafter the average PCDT of glial cells was 19.87 h (Fig. 1) . Based on these observations, 24 and 48 h incubation periods were selected for further studies.
Effect of Cocaine on Glial Cell Morphology and Viability
Log phase growing glial cells were treated with varying concentrations of cocaine. Under our experimental conditions, preliminary studies with 1 mM or less cocaine showed no apparent effects on glial cell viability even after 48 h. Based on these results, the concentrations of cocaine were adjusted between 2 and 7 mM, and the experiments were repeated. The morphological features were assessed under a phase contrast microscope. Microscopic observations and photo documentation revealed significant morphological differences between untreated control and cocaine treated cells after 24 and 48 h. The cells not only became small and round at higher doses but also lost anchorage property (Fig. 2) .
As illustrated in Fig. 3 , six different concentrations of cocaine were tested against glial cells with cytotoxic effect on the cells being analyzed after 24 and 48 h. It was observed that cocaine caused significant (P \ 0.01) loss of cell viability at all concentrations compared to control cells. These results strongly indicated that toxicity of cocaine to glial cells was dose and time dependent. The LC 50 at the 24 h time period was 4.307 mM cocaine, which was similar to an earlier report (4.30 mM cocaine, 24). After 48 h, the LC 50 value further decreased to 3.794 mM. No significant intra-variability (\0.1%) was observed with different batches of serum in our studies. Consistent with earlier reports [25] [26] [27] , cocaine at 2 mM or above induced vacuole formation immediately in glial cells (Fig. 4) .
Decrease in Mitochondrial Membrane Potential
The retention of fluorescent probe rhodamine-123 is proportional to mitochondrial membrane potential. In our study, it was observed that 24 h treatment of glial cells with different cocaine concentrations (2-6 mM) caused significant (P \ 0.01) decrease in membrane potential from 3 mM in a dose dependent manner (Fig. 5) . The effective dose, where 50% mitochondrial membrane potential decreased due to cocaine treatment, was 4.0 mM. The data of fluorometric analysis rhodamine-123 study clearly indicate that cocaine has profound effect on mitochondria and causes cell toxicity by decreasing the membrane potential of mitochondria.
Dual G0/G1 and G2/M Phase Inhibition
Cell proliferation is a highly controlled event in mammalian cells. To investigate the effect of cocaine on different phases of the cell cycle, glial cells were treated at 3, 4 and 5 mM cocaine for 24 and 48 h, and analyzed by flow cytometry. Figure 6 shows the effects of increasing concentration of cocaine on glial cell progression through G0/G1, S and G2/M phases. It was observed that in comparison to control, cocaine treatment at various concentrations for 24 h resulted in significant cell cycle arrest in G0/G1 and a reduction in number of cells in S phase. This demonstrates that cocaine arrests cell cycle progression at the G0/G1 to S transition. The accumulation of cells was significant at 4 and 5 mM cocaine (P \ 0.05) It is interesting to observe that cocaine at 4 and 5 mM concentrations for 48 h induced significant cell cycle arrest at G2/M phase (Fig. 7) . The percentage of accumulation of cells at G2/M increased gradually and significantly at 4 and 5 mM cocaine (P \ 0.05). On the other hand, in comparison to control, the number of cells at G0/G1 significantly decreased (P \ 0.05) at 5 mM treatment, while the cells at S phase almost remained the same at all doses of cocaine (P [ 0.05). These results suggest that the particular phase of cell cycle arrest by cocaine depends on the length of incubation.
Discussion
Insufficient research on the quantification of cocaine sublethal dose under more defined conditions on glial cell toxicity and cell cycle inhibition prompted the present investigation. One of the initial problems in this study was determining the period of cocaine exposure on cells. Reflecting the absence of a standardized protocol for duration of cocaine treatments on cells, most previous in vitro toxicity evaluations of cocaine were performed arbitrarily for 1 day [6, 24, 28] , or 6 days [9] or 7 days [29] , resulting in diverse outcomes. For example, a longer period of exposure to cocaine typically causes more cell death than a shorter period, and the potency of cocaine in the former case is questionable due to a lack of standard treatment period. Population cell doubling time (PCDT) studies enable us to estimate how long the cell cycle phasedependent drugs, like cocaine, need to be tested on cells. It is well known that the toxicity of cell cycle-dependent drug inhibitions inversely correlates with the length of cell cycle. For instance, the shorter the cell doubling period, the higher the toxicity and the lower the LC 50 value. For this reason, PCDT was used as the criteria to establish incubation periods in our studies. It was observed that after seeding of cells, the lag period lasted almost 24 h, and thereafter cells proliferated linearly with an average doubling period of 19.87 h (Fig. 1 ). Based on cell doubling studies, 24 and 48 h treatment periods were selected for cocaine toxicity and cell cycle analyses. Another common problem encountered in culture studies relates to the serum concentration in the media. The question of how much serum protein should be used is often overlooked by researchers even though serum is an important component in culture media. Thus, due to lack of standardized methods in cell culture studies, many laboratories arbitrarily employ reduced serum [10, [30] [31] [32] or serum-deprived media [9, 33, 34] with the objective of minimizing cocaine interaction with serum proteins during cytotoxic studies. It is important to understand that serum contains a number of trophic factors [35] and a globulins [36] that are required for adherence and optimum growth of cells. Serum deprivation or reduction in cultures during the drug evaluation period may render the cells more susceptible for toxicity, presumably due to increased intracellular proteolysis [37] . Sometimes complete or partial serum withdrawal may also potentiate the cytotoxic activities of test compounds, as shown earlier [38, 39] . Similarly, significant reduction of serum proteins in the medium may change the fatty acid composition of the plasma membrane [40] . These events may result in high cellular toxicity by the compound in culture studies. Such toxicity observations may be interpreted as a result of the potent nature of the test compound itself, resulting in conclusions reporting that the test compound is very active, when in fact the toxicity may be affected by the susceptible nature of cells under serum-reduced or deprived conditions.
Cocaine potency may also depend on the quantity and variability of the serum proteins in the cell culture media reported in earlier studies [9, 10, [30] [31] [32] [33] [34] , making it difficult to estimate cocaine's true potency on cells. It was observed that glial cells proliferated better in 10% FBS compared to lower concentrations, like 2.5% or less (unpublished observations). Thus, all studies in this report were performed in the presence of 10% serum proteins in the media. It is expected that this concentration may facilitate similar types of interactions normally observed [41] between serum proteins and cocaine in vivo.
The selected concentration range (2-7 mM) for cocaine toxicity in this study was based on the response of glial cells to cocaine under our experimental conditions. For instance, cocaine treatments for 24 h at 1 mM or less failed to cause significant glial cell death (data not shown), an observation consistent with a previous report [24] . On the other hand, it was observed that cocaine at 7 mM caused almost 100% cell death. Based on these initial observations, cocaine concentrations were adjusted in the range of 2-7 mM for toxicity studies (Fig. 3 ). This range is consistent with previous studies, where cocaine toxicity was evaluated in cultures up to 10 mM [24] . The concentration range in our study has clinical significance similar to that reported in studies on cells outside of the central nervous system [14, 42] . Furthermore, cocaine concentrations used in this study, approximate common concentrations found in the blood of drug addicts, when the underestimation due to hydrolysis by esterases is taken into account [43] .
It may be argued that the time course and cocaine dose in this study were too high to represent in vivo cocaine usage. It is important to understand that both in vitro and in vivo are different thermodynamically and are not comparable, because in vitro is an isolated and closed system, while in vivo is a more complicated open system. Comparing in vitro results to the in vivo situation is like comparing apples to oranges. All initial drug evaluations are carried out on cell cultures under in vitro conditions, because they provide reliable and rapid information on the behavior of cells at the molecular level. When viewed with this perspective, the time course and cocaine concentrations used in this study fall within the parameters of most previous reports [24] .
We observed that cocaine treatments at 3 mM or higher for 24 or 48 h (Fig. 2 ) caused significant alterations in glial cell morphology. At 24 h treatment, the cells were elongated (3 mM). The intercellular gaps expanded with increasing cocaine concentration (4-6 mM). And finally, the cells became smaller and round, clumped together, and lost anchorage property (6 and 7 mM). At 48 h treatment, changes occurred even at 2 mM cocaine concentration. The cells became slender with many intercellular gaps. With increasing cocaine concentration (3-7 mM), the cells became smaller and round, and clumped together.
Under our experimental conditions, the lethal dose, where 50% of the cells were killed by cocaine was determined to be 4.307 mM at 24 h. Most previous studies [2, 3, 9, 14] did not quantify cocaine sublethal toxic dose on cell viability. Only one study quantified cocaine toxicity in rat cortical neurons after 24 h [24] . The lethal dose value in our study (LC 50 = 4.307 mM) is highly consistent with that report (LC 50 = 4.3 mM). Since our studies were performed in the presence of 10% FBS, consistent with earlier studies [24, 27, 44] , the high LC 50 values at 24 and 48 h may suggest serum attenuated cocaine toxicity. This serum concentration level brings us a step closer to approximating in vivo serum-cocaine interactions [41] and thus may represent a better in vivo simulation for the predictive cocaine dose in preclinical trials.
Studies on various cell cultures have indicated that cocaine toxicity was associated with cell vacuolation [45, 46] . Consistent with these reports, our dose dependent toxicity studies at 24 and 48 h suggest that cell death may be due to massive vacuolation in glial cells (Fig. 4) . In fact, it was observed that within 1 h of cocaine treatment several vacuoles were noticed in the cytoplasm, confirming previous results on different cells [27] . Because the acidic environment can induce vacuolization in some cell types [47] , the stocks as well as all working stock solutions of cocaine hydrochloride in our studies were dissolved in PBS. The samples were added to glial cells in minimum volume (5 ll/well/200 ll final vol.) corresponding to 2.5% to prevent pH changes of the media. The final pH after addition of cocaine solution from different working stocks was found to be around 7.4. Employment of this method ensures that vacuole induction in glial cells was due to cocaine exposure rather than pH fluctuations.
The dose dependent decrease in mitochondrial membrane potential (Fig. 5 ) in glial cells in our study demonstrates that cocaine interacts with mitochondria and impairs energy metabolism. This impairment may lead to an unusual glucose oxidation, commonly observed in certain CNS associated diseases such as schizophrenia and Alzheimer's disease [48] . Loss in mitochondrial potential was also shown in cells outside of CNS. For example, cocaine was shown to cause dose and time dependent loss in the mitochondrial membrane potential in rat cardiomyocytes primary cultures [14] . These observations may suggest that mitochondria are the primary target of cocaine toxicity in various cells.
Comparing the LC 50 and ED 50 values of cytotoxicity and mitochondrial membrane potential in our study, it appears that loss of mitochondrial membrane potential was the primary event related to cytotoxicity. This observation is consistent with earlier studies [14] . Since cell viability reflects a function of mitochondrial status, the close LC 50 Neurochem Res (2010) 35:288-297 295 (4.703 mM) and ED 50 (4.0 mM) values in the 24 h study corroborate this relationship. Even though cocaine toxicity in wide range of cells is well documented, only one report [6] showed the effect of cocaine on cell cycle phases. We observed that cocaine arrested cell cycle progression at both G0/G1 and G2/M at 24 and 48 h, respectively (Figs. 6, 7) . This observation is consistent with rat neural progenitor (AF5) cells, which also show G1/S arrest by cocaine after 24 h [6] . Our results further suggest that cell cycle phase arrest by cocaine may depend on length of exposure as shown above. Since astrocytes in the mature brain proliferate even in adulthood [16] , the present findings suggest that cocaine consumption likely inhibits astroglia cells at G0/G1 or G2/M cell cycle phases, triggering their death.
On the other hand, as mature neurons in the brain do not proliferate, the results of cell cycle analyses in this study suggest that glial cells may be the earliest targets in cocaine abusers. This needs confirmation. The mechanism of action of cell death was not the objective of study in this investigation. However, significant collapse of mitochondrial membrane potential (Fig. 5 ) and increased cell cycle arrest at G0/G1 and G2/M phases (Figs. 6, 7 ) by cocaine may indicate that glial cell death could be due to apoptosis, an observation consistent with our preliminary study (data not shown). Since DNA damage induces cell cycle block at G1 and G2 phases [49] , we speculate that cocaine treatment in our studies resulted in more DNA damage in glial cells leading to arrest at these phases. This, however, needs further study to confirm.
Results of cell viability (Fig. 3) , mitochondrial membrane potential (Fig. 5) , and cell cycle analyses (Figs. 6, 7) clearly demonstrate a gradual and dose dependent response with cocaine treatment. These observations suggest that cocaine toxicity is not of non-specific type. This is the first report to demonstrate cocaine-induced morphological alterations in glial cells and to quantify the sublethal dose of cocaine toxicity based on cell doubling studies in the presence of serum proteins. In vitro cell culture studies invariably have disadvantages due to deviation from the normal context of all body organs of in vivo, which is highly complex. Nevertheless, in vitro studies provide useful information on drug dose estimation for in vivo studies. Earlier studies demonstrated that cocaine interacts with serum proteins in the blood [41] . Similar interactions may be possible under in vitro conditions when the media is supplemented with serum proteins. Because the extent of these interactions may depend on the amount of serum in media, using at least 10% serum in the media for cocaine-related studies may help to identify a better predictive dose for acute toxic studies in preclinical trials. We conclude that the loss of mitochondrial membrane potential, vacuolation, and cell cycle arrest under our experimental conditions represent the early onset of some key events in cocaine-induced toxicity in glial cells.
